ABSTRACT A permanent magnet traction motor integrated with a planetary gearbox is studied. A machine of this kind can be employed as a propulsion motor in off-road machines like agricultural tractors that have to produce either very high traction forces at low speeds or reach higher traveling speeds at lower torques. In principle, a constant power curve as a function of speed is desired, which means that the output torque of the drive system should be inversely proportional to the operating speed of the off-road machine. Such driving conditions are challenging as the electric motor has to be heavily overloaded at the lowest speeds. Therefore, it is essential to accurately evaluate not only the electromagnetic performance but also the thermal performance of the machine. This paper studies the integration principles of an electrical machine and a planetary gear. The integration poses some new challenges to the design. For example, also the lubrication and cooling can, and, in practice, must be integrated into the system. The thermal performance of the motor and cooling with the lubrication oil of the gear were analyzed. The long-term tests with the oil cooling system were carried out to verify the successful integration. 
INDEX TERMS
In electric cars, the demands of the duty cycle can be fulfilled with electric motors. One of the most common is the V-shaped permanent magnet motor which is studied e.g. in [1] - [4] . However, in heavy off-road machines, a high torque production capability is required both in low-speed operation and when driving at high speeds on the road. In offroad applications, electrical machines alone are not capable of producing the torque required in the whole operating range of the propulsion system, but a mechanical gearbox is needed. The highest traction system torque outputs can be achieved by an appropriate combination of a multiple-pole permanent magnet synchronous motor with a suitable mechanical gear system [5] - [9] . A tooth-coil permanent magnet synchronous machine allows compact integration of a planetary gear inside the permanent magnet synchronous machine (PMSM). Integration of these two systems, however, presents new challenges. Because the gear must be effectively lubricated, both the lubrication and cooling systems must be integrated at the same time. Despite the use of a step-down gear, the motor still has to deliver very high torque peaks. This sets stringent requirements for the thermal analysis of the system. The heat removal performance is a significant limiting factor in electric drive systems, and therefore, the analysis of heat transfer is of high importance in the design.
In the integrated solution, the cooling of the motor and the lubrication of the planetary gear are combined. The oil whirl inside the machine carries out both these tasks. Because the system is complicated, empirical knowledge alone does not suffice to evaluate the thermal performance of the machine, but modeling of the heat transfer is required. In the studied case, the heat transfer occurs mainly by conduction and convection [10] - [12] . Therefore, a radiation analysis is omitted as the temperatures of the system render the proportion of radiation insignificant.
The most common method to calculate the thermal performance of the machine is the lumped-parameter thermal model, which takes into account both the radial and axial heat transfer inside the machine [10] , [13] , [14] . If direct cooling is applied, the thermal performance of the machine is typically verified by some numerical method [15] . The finite element method (FEM) is also widely used in thermal calculations, and it can be applied both to steady-state and transient problems involving large temperature gradients. However, determination of the convection heat transfer on surfaces poses a challenge. Usually, 3D modeling is required, and achieving a solution is time consuming. Furthermore, the oil whirl inside the air gap of the machine makes the heat and mass transfer analysis of the machine challenging. There are FIGURE 1. Tooth-coil multiple-pole permanent magnet electrical machine integrated with a two-step planetary gearbox. The torque output takes place either directly from the rotor of the motor or multiplied by the planetary gear. In the low-speed range, torque is delivered to the sun and taken out through the planet carrier fixed on the output shaft, the ring remaining fixed.
two approaches to assess the behavior of the cooling system; either by measuring the prototype or by applying computational fluid dynamics (CFD) to approximate the behavior of the oil movement and the effectiveness of the cooling. CFD calculation is addressed for instance in [16] - [20] .
A schematic view of the motor package under analysis is presented in Fig. 1 . A configuration of this kind can be used as a hub motor or with a drive shaft as usual. The planetary gear chosen for the prototype is a standard product of Sisu Axles [21] . It is originally used in the independent suspension axles GAWR and GCWR in high-speed on-and off-road applications as a wheel hub gear. The gear set has five planetary cogwheels and a gear ratio of 1:3.64. The motor torque input to the planetary gear is either on the sun and the system torque output is on the planet carrier, while the ring is fixed, or the torque input is directly on the output shaft depending on the clutch positions. The gear shifting dog clutches are located at the ends of the main shaft.
In this paper, the integration principles, electromagnetic and thermal analyses, and oil behavior in the case of an electric motor with a two-step gearbox for heavy-duty offroad machine applications are discussed. The results obtained by the lumped-parameter thermal model and the CFD are compared.
The paper is organized as follows. Section II presents the integration principles, electromagnetic analysis, main dimensions, and operating parameters of the PMSM under study. The lumped-parameter thermal network is discussed in Section III. The thermal calculation results and their comparison with the CFD calculations are reported in Section IV. Experimental results are given in Section V. Section VI focuses on the long-term experimental results, and finally, Section VII concludes the paper.
II. ELECTROMAGNETIC ANALYSIS
An electric motor configuration with an inbuilt planetary gear system is favored as it provides the maximum-torqueproducing air-gap surface and the maximum diameter in a limited volume. In addition, the rotor must be hollow in the configuration to leave space for the planetary gear system. VOLUME 7, 2019 The design of an electrical machine starts by defining the rotor dimensions to produce the sufficient torque T . The rotor volume V r depends on the torque-producing tangential stress σ F tan
The rotor aspect ratio χ = l /D r determines the rotor radius and length to match the volume V r = l πD r /4 = χπD 2 r /4. The rotor diameter is then
We now know the rotor diameter. The stator and rotor yoke heights in an electrical machine depend on the allowable magnetic loading, the material of the yoke, and the pole pitch τ p as described by the following analysis.
The highest possible magnetic flux per pole max is
where l ≈ l + 2δ is the magnetic length of the machine (δ denotes the air gap) and c is a form factor for the flux density [7] . The peak value of the air-gap flux densityB δ is typically in the range of 1 T. The maximum flux passing the yoke is
Normally, the flux density in yokes is not allowed to exceed B yr = 1.5 T [7] . Therefore, the height of the rotor yoke y r is
If the air-gap flux density remains sinusoidal, the form factor equals c = 2/π. If the distribution of the air-gap flux density is trapezoidal, the value of c increases towards unity. Inserting the values in (5) results in the yoke height
and its limiting value with a decreasing pole pitch is
The narrower the pole pitch τ p in a machine, the lower the height needed for the rotor and stator yoke. With the pole pitch approaching zero, the motor resembles a thin ring providing only the height needed for the teeth, windings, air gap, and magnets. Naturally, there are practical limitations on how much the pole pitch width can be reduced, the most important ones being the increase in frequency and iron losses, which occurs despite the reduction in the yoke volume where the losses are generated. If iron is used in the magnetic circuit, especially in the teeth, a suitable width w d and height h d must be reserved for them. In addition, the slot width b s must be in the same range with the tooth width, thereby limiting the minimization of the pole pitch. This kind of an approach is viable especially for tooth-coil PMSMs, where the minimum pole pitch can be approximately written as a sum of the tooth and slot widths
A sufficient slot cross-sectional area S slot is needed to achieve suitable current density. The slot leakage becomes a determining factor in the minimization of the slot width, as the slots cannot be made too high because of the increasing slot leakage. In the case of tooth-coil machines, the slots can be almost rectangular, and thus, the slot height h tot = h d can be selected such that the slot cross-sectional surface S slot allows enough space for the number of conductors in a slot z Q with the cross-sectional surface S Cu and the copper space factor k Cu
We now know the rotor inner diameter D ri , the stator inner diameter D s , and the stator outer diameter D se . (11) where D ring is the outer diameter of the planetary ring cogwheel.
where D rim is the inner diameter of the wheel rim. There has to be enough space for the motor frame between D se and D rim . In the case of an integrated design, the properties and limitations of the planetary gear system have an influence on the electric motor design also because of other physical factors. In this very case, the maximum allowable speed for the planetary gear sun is about 2500 min −1 , because above that speed, the pitch line velocity increases above 10 m/s, resulting in severe lubricating oil whip, which leads to difficulties in circulating the cooling and lubricating oil [22] . Therefore, the rated speed of the electrical motor is chosen to be about half of that speed at 1200 min −1 , enabling about 50% field weakening for the motor at the 2400 min −1 maximum speed. The manufacturer promises that the gear can withstand torques up to 60 kNm. Such a value means that from the viewpoint of torque, the gear does not limit the system performance. However, the gear lubrication and the oil behavior still have to be taken into account in the integrated design.
The integrated design starts with the dimensions of the planetary gear. The gear properties and the cogwheel speed limits determine the maximum rotational speed of the motor. Based on the analysis presented in [9] and above, a 40 kW, 324 Nm PMSM with 18 slots and 14 poles was designed and a prototype was built to verify the results of the design analysis. The basis for selecting the 18/14 machine was the following: 1) In tooth-coil machines, the number of slots per pole and phase q = 0.5 yields a high torque production capability but often with a poor torque quality. q = 0.43 is close to 0.5, which yields slightly less torque but a clearly better torque quality [23] . 2) In the case of a gear motor, the speed range does not have to be wide, and therefore, a low inductance is preferred. The air gap leakage factor σ δ with q = 0.43 is moderate, σ δ = 0.83 resulting in a relatively low stator leakage inductance and thereby also a low synchronous inductance favoring high torque production capability in the normal speed range [7] . 3) The operating harmonic (ν = 7) winding factor is high enough, k w = 0.902 resulting in low Joule losses. 4) The 18/14 machine configuration has a small least common multiple (126) known to result in an almost purely sinusoidal back-electromotive force (emf) and torque smoothness.
Based on the above factors, the 18/14 machine was selected for the integrated design. The rated power of the prototype was determined based on the power level of general offroad machine needs. For example, a four-wheel drive tractor with 4 × 40 kW continuous power and 4 × 120 kW peak power should be more than sufficient for most purposes. The gear itself should enable a higher torque and power level, and actually, a further design should allow duplication of the motor power.
The machine geometry with the flux densities in different parts of the machine is shown in Fig. 2 . The lamination material around the magnets provides a natural path for the permanent magnet leakage flux. The rim height was selected based on the mechanical stress limits, yet it can be kept small enough. The highest PM leakage flux density values in the q-axis region are around 2.1-2.3 T, and the stator yoke and teeth have flux densities between 1.0-1.6 T. The steel lamination retaining the magnets is so thin that flux density fluctuations take place in the magnets even though semimagnetic wedges are used in the slot openings. Therefore, the magnets were manufactured of six galvanically separated slices to limit the PM losses. dimensions and winding parameters for the PMSM. Correspondingly, in Table 2 , all operating parameters are given. The rated torque tangential stress of the machine is relatively low σ Ftan = 24 kPa, indicating that the system is capable of temporarily delivering three times the rated torque levels at the peak tangential stress values of 72 kPa without overheating. These stress values are needed for instance when starting the off-road machine and can be used for approx. 45 s without cooling problems. The total system efficiency is calculated so that it includes the inverter power losses and takes into account the powers of the oil pump and the cooling unit. These powers are treated as losses, which reduce the system efficiency by 2.5 percent unit. However, it should be kept in mind that the cooling unit will not be the same as the one used in the laboratory if the machine is to be installed in a drive train of some heavy-duty off-road machine.
We now see the effect of (11) and (13) as the coefficient factor for τ p is 0.262 ∈ (0.21, 0.3) when all the dimensions are substituted to (13) .
The materials and their masses in the prototype are listed in Table 3 . The results of the finite element analysis for the losses of the machine are shown in Fig. 3 . The stator iron losses do not increase in proportion to the other losses because of the field-weakening phenomena. The iron loss calculation was based on the equations found in [11] , and the calculation results were verified with the FEA.
III. PRESENTATION OF THE LUMPED-PARAMETER THERMAL MODEL
The heat transfer of the machine is based on the use of the gear lubricating oil as the cooling medium. The oil is circulated outside the machine, where it is both filtered and cooled. During motor operation, the oil is pumped through four holes on the end windings of the machine, where most of the heat is generated. The oil outlet has two oil holes at the bottom of the stator.
All the heat transfer methods can be handled by the use of a lumped-parameter thermal network (LPTN) with acceptable accuracy [10] . Fig. 4 illustrates the lumped-parameter thermal network that models the 18/14 machine.
The convection coefficient in the air gap region is
where Nu is the Nusselt number and δ is the air gap. The convection coefficient in the air gap is calculated by first estimating the Taylor number [14] , [20] Ta = 2 r ave δ 3
where is the mechanical angular speed, r ave is the average radius of the stator and the rotor, and ν is the kinematic viscosity. The Nusselt number for the air gap can be calculated where Pr is the Prandtl number defined as
In (16), µ is the dynamic viscosity, c p is the heat capacity, and λ is the heat conductivity of the lubricating oil. The convective heat transfer coefficient between the stator end surfaces and the oil can be obtained by using the Nusselt number, which can be calculated as a correlation between the Reynolds number and the Prandtl number as follows
Correspondingly, the Nusselt number between the rotor end and the cooling oil is calculated by
In the end windings, the Nusselt number correlation
is used. Naturally, the values for the Reynolds and Prandtl numbers vary in (17)-(19) based on the calculation points. The thermal conductivities of the materials used in the study are collected in Table 4 . The table consists of the values of the neodymium-iron-boron permanent magnets N38UH, which were selected for the prototype and the winding insulation material according to class 155. The cooling oil temperature level in the machine is kept below 80 • C. Thus, the model takes in 40 • C cooling oil and the flow rate is set at 3 l/min. The properties of the coolant Shell Spirax S3 AX 80W-90 are collected in Table 5 .
IV. CALCULATION RESULTS
This section presents the calculated results. The power loss distribution used in the analysis is presented in Table 6 and in more detail in [9] . The copper losses are dominant as can be expected in a machine of this kind. The losses are even more exaggerated at low speeds and high torques. The stator copper losses are calculated by using the measured phase resistances and the calculated phase currents. The eddy-current losses in PMs are obtained by treating them as short-circuited solid conductors in the FEA. Iron losses can be calculated with different methods by using analytical equations as e.g. [24] . In this study the stator and rotor iron losses are calculated by using a loss-surface model implemented in the Flux2-D/3-D software package. As shown in Fig. 3 and Table 6 , copper losses dominate regardless of the rotation speed. Fig. 5a presents the resulting temperatures when cooling by partial oil immersion is adopted. The temperature distribution was analyzed in the nominal operating point. The losses caused by oil friction were estimated by applying the calculation scheme presented in [22] .
The level of lubrication and cooling oil inside the motor at rest wets one-third of the rotor diameter. The temperatures are valid for a situation where the motor is operating at its rated torque at the rated speed and the temperature of the incoming cooling oil is 40 • C. We can see that the machine design does not suffer from too high temperatures of the permanent magnets (node no. 10) or any other active parts. For comparison, the temperature distribution with a stator liquid jacket only is presented in Fig. 5b . The figure shows that the water jacket can cool the machine at the rated operating point, but the winding temperatures are already close to the thermal limit of class 155. In addition, it is noteworthy that the temperatures in the rotor are higher. Fig. 5c illustrates an overload condition of three times the rated torque with oil cooling. The analysis confirms that such a loading can be applied for about 45 s when starting from a cool motor and for about 20 s when starting from the 100 • C winding temperature.
In order to obtain detailed knowledge of the oil behavior in the air gap, a thermal analysis was also done by computational VOLUME 7, 2019 FIGURE 5. Calculated temperatures at different nodes of the thermal resistance network presented in Fig. 4 . At nodes 6-8, the stator windings are hottest. a) Machine with oil cooling, b) machine with the water jacket, and c) winding temperature rise curve in the overload condition with three times the rated current. The black square indicates that with the oil cooling around 45 s, the maximum torque can be applied. It takes around 450 s to recover the temperature to the rated value when the maximum torque is decreased to the rated value at 46 s. fluid dynamic (CFD) simulations, using the commercial software Ansys Fluent v.16.2. Taking advantage of the axial symmetry, only half of the machine was modeled. The oil was considered an incompressible fluid, and it was modeled with the properties given in Tables 4 and 5 .
In the calculations, the Reynolds-Averaged Navier-Stokes κ-ε turbulence model was applied, and the calculated losses inside the machine at the rated torque at the 1200 min −1 speed, shown in Table 6 , were taken as boundary conditions. Fig. 6 illustrates the oil flow velocities inside the machine. Correspondingly, the temperature distribution in the slot winding is shown in Fig. 7 .
A comparison of the results between different calculation methods is given in Table 7 . We may conclude that all the analysis methods produce fairly similar results. The CFD results are of interest as they demonstrate the behavior of oil splashing when the rotor is rotating. It can be seen that the LPTN model is accurate enough, and thus, it can be used reliably in prototyping.
V. EXPERIMENTAL RESULTS
Long-term measurements were made for the machine after the first prototype testing to investigate the behavior of the cooling fluid and its possible adverse effects on the electrical system performance. The laboratory test setup is illustrated in Fig. 8 .
The oil circulation unit uses a 550 W pump, and the cooling unit for the oil employs a 750 W induction machine to rotate the fan. The oil level in the measurements was adjusted so that one-third of the standing motor was filled with oil. The oil flow rate during operation was set at 3-5 l/min. The traditional input-output measurement method was applied in the experimental tests.
The windings consist of three individual Pt-100 thermal sensors in each phase located at the N-end, D-end, and in the middle of the winding in the slot. Cooling at the rated point is indicated in Fig. 9a. Correspondingly, Fig. 9b shows that the machine cooling is efficient also in a high-torque case. At the time instant of 5000 s, the small change in the curve can be explained by the fact that the flow was slightly adjusted as the target was to keep the oil level constant in the machine during the measurement.
When comparing Fig. 9a and Table 7 , we can see that the calculation results correlate well with the measurement results. Thus, they can be used further in other designs. The calculated and measured loss components are given in Table 8 .
The efficiency is high in the whole speed-torque range as shown in Fig. 10 . All the efficiency points represent a stabilized situation. This also demonstrates the effectiveness of the cooling; although the machine is loaded at the 1.5 p.u. torque, the temperature still stabilizes below reasonable limits. Fig. 11 shows how the oil level inside the machine affects the machine performance. It was found that one-third of the machine must be filled with oil to provide sufficient lubrication for the gearbox parts and keep the cooling performance at an acceptable level. This indicates that from the viewpoint of efficiency, the PMSM is the better, the less oil there is inside the machine, resulting in lower viscous losses. However, to also achieve the required thermal performance in the machine operation, a small decrease in efficiency is the price one has to pay when using oil cooling. for about half an hour. The tests show that the machine can be loaded continuously with a 40 kW power output at the rated speed.
In the prolonged tests, we observed the behavior of the integrated design. Operating of the planetary gearbox first started to produce mill scale, which caused the oil to darken in color, yet was found to be not harmful to the machine. If the cogwheels and bearings wear, some magnetic sludge may be created. The behavior of the cooling oil is described in the following.
VI. 1200 H TEST PERFORMANCE
With the long-term test, the target was to study whether the oil cooling functions acceptably as the cogwheels wear. The simplest indicator of the condition of the motor insulation is the insulation resistance. Before the test, the motor FIGURE 13. Typical aluminum particle found in the cooling oil after 1200 hours of operation. insulation resistance between the phases and earth was measured to be 26.4 G . After the test, the insulation resistance was 25.9 G . As no significant changes were detected, we may conclude that the winding insulation was not harmed by oil contamination.
However, several aluminum particles originating from the nondriven subframe were found in the oil during the test. The longer the system was ran, the larger were the particles found in the samples. The size of an example particle is illustrated in Fig. 13 . In general, the amounts of both iron and aluminum were increasing.
Further, the chemical structure of the cooling and lubricating oil changes as a result of oxidation during motor operation. The effects of oxidation can be studied by analyzing the absorbance/transmittance of laser light in oil samples. In the oxidation process, some bonds of the carbon atoms break. The resulting changes in the oil can be detected in the spectrum of the transmittance by applying infrared spectroscopy. In the spectral analysis, the measured transmittance during motor operation was compared with the reference transmittance of a fresh oil sample. Figure 14 presents the laser light absorbance/transmittance as a function of wave number. Figure 15 shows the behavior of the kinematic viscosity of the oil gathered from the samples. The temperature of the oil was kept at 60 • C. The test was done according to the ASTM 445 standard. The test results show that the kinematic viscosity varies somewhat unexpectedly; nevertheless, the value at 900 h may have some analysis error.
An alternative explanation is that the viscosity behaves as a function of water content. This is normal when the oil ages and the water and air content increases. It is, however, advisable to keep the kinematic viscosity as constant as possible to achieve the most optimal cooling and lubrication of the motor.
The number of metal wear particles in parts per million in the samples is illustrated in Fig. 16 . The number of particles was analyzed according to the ASTM 5185 standard. The amount of iron and aluminum in oil increases as a function of operating time. The aluminum particles originate from the subframe of the nondriven end, whereas the iron particles are produced by wearing of the planetary gear cogwheels and bearings.
The overall cleanliness class of the cooling oil is illustrated in Fig. 17 . The cleanliness class was analyzed according to the ISO4406 and ISO4407 standards. The vertical axis represents the cleanliness classes as a function of motor operating time. milliliter of oil contains 5000-10000 units of particles of a particular size, and the class is 14 if the oil sample contains 80-160 units of particles. This analysis focused only on the three aforementioned particle sizes. It can be seen that the number of smaller particles increases with the operating time, but the quantity of larger particles remains the same. Based on this figure, the cleanliness level of the cooling oil remains approximately the same during the test. Understandably, there are small particles in the oil samples as the filter removes particles of 10 µm and larger. The number of 4 µm particles is increasing in the samples but not excessively considering the time of 900 h, which was the time between the first and last sample. The cleanliness class 18 can be achieved with 1300-2500 particles and the cleanliness class 20 with 5000-10000 particles, meaning that there is a difference of at least 2500 particles between the oil samples of 300 h and 1200 h.
The increase in the contamination of oil did not interrupt the operation of the machine. According to ISO4406, if the system pressure is below 140 bar, the cleanliness classes 20/18/14 are acceptable for gear motors. Therefore, the cooling and lubricating oil maintained its accepted cleanliness class in the test.
VII. CONCLUSION
The integration principles of a PMSM and a planetary gear, machine cooling, and lubrication arrangements were studied in detail. Calculations by the lumped-parameter thermal network model, CFD analyses, and laboratory tests with a prototype were performed to assess the validity of the calculation methods.
Different calculation methods yielded promising results for the effectiveness of the machine cooling solution. In this case, CFD modeling was required because of the complicated nature of the cooling (oil splashing, oil flow, partial oil immersion). However, the modeling was time consuming, and the lumped-parameter calculation produced similar approximations of the cooling performance.
The characteristics of the oil used both for cooling and lubrication of an integrated electrical motor and a gear system were also examined by extended laboratory measurements. The tests showed that both the machine cooling and lubrication worked as predicted. The machine was driven at a constant load for 1200 h, which is obviously a fairly long period of operation for traction systems. The oil behavior did not change dramatically over the test period, and the motor insulation system was not harmed by the contaminants of the gear oil. The motor insulation resistance remained practically at the initial level during the long test run.
